A
cinetobacter baumannii is widely recognized as a highly multidrug-resistant pathogen that causes major problems in hospitals globally (1, 2) . Antimicrobial resistance in A. baumannii has been extensively studied, and resistance determinants novel to Acinetobacter are being identified regularly. These resistance genes can often be found on horizontally acquired genetic material, increasing the risk of generating pan-resistant clones. As such, global dissemination of these multidrug-resistant clones poses a serious threat. Furthermore, biofilm formation has also previously been associated with increased resistance and survival as well as immune evasion and may therefore play a significant role in A. baumannii pathogenicity. Adherence characteristics, such as biofilm formation and binding to eukaryotic cells, have been studied in a large number of A. baumannii strains (3) (4) (5) (6) (7) (8) (9) and constitute but one of many potential factors involved in virulence. An additional factor that can influence virulence potential is motility; two distinct forms of surface migration have been described for this species (3, 7, (10) (11) (12) . Expression of these phenotypes varies between strains and to a degree between clonal groups, such as the conserved expression of twitching motility by isolates in the international clone I group (3) . Although motility has been associated with increased biofilm formation and virulence in other bacteria, such as Pseudomonas aeruginosa and Dichelobacter nodosus (13) (14) (15) (16) (17) (18) , the significance of motility in the virulence potential of A. baumannii remains to be confirmed.
Various molecular mechanisms contributing to the virulence potential of A. baumannii have been identified (19) . For example, one of the most extensively studied virulence determinants in A. baumannii is OmpA, which not only facilitates adherence to eukaryotic cells and abiotic surfaces but also mediates invasion and promotes cell death of lung epithelial cells (20) (21) (22) (23) (24) . The penicillin binding protein 7/8, phospholipase D, lipopolysaccharides, and production of K1 capsule in A. baumannii have also been shown to play important roles in survival in a host environment (25) (26) (27) (28) .
Furthermore, phospholipase D facilitates bacterial crossing of the blood-lung barrier, as shown in a rat model system (26) . More recently, siderophore-mediated iron acquisition mechanisms have been demonstrated to be essential for lethality in mice (29) . Many virulence determinants found in other Gram-negative pathogens have been identified in the genome sequences of A. baumannii, such as the type VI secretion system (30, 31) . However, to date, their role in virulence and persistence of A. baumannii has not been characterized.
The regulatory networks controlling expression of A. baumannii virulence determinants, such as iron acquisition, motility, attachment, and biofilm formation, remain largely unknown. Transcriptomic studies have indicated that the ferric uptake regulator (FUR) is the primary regulator of A. baumannii iron acquisition mechanisms (10, 32) , and a number of studies have shown that quorum sensing influences both motility and biofilm formation (12, 33, 34) . Additionally, a two-component regulatory system, encoded by bfmRS, plays a critical role in the regulation of the Csu type I pili, which may influence attachment and motility (35) .
It is likely that A. baumannii has also acquired virulence factor genes via exogenous DNA uptake. In other bacterial genera, transcriptional regulation of horizontally acquired genetic material is in part controlled by the histone-like nucleoid structuring (H-NS) protein and provides a level of protection against expression of genes that encode products with detrimental effects to the host bacteria (36, 37) . Although Acinetobacter spp. are known to possess large quantities of horizontally acquired genetic material, to date the function of H-NS in A. baumannii has not been described. This article describes the comprehensive characterization of a hypermotile derivative of A. baumannii strain ATCC 17978. Whole-genome sequencing of this strain revealed the insertional inactivation of a gene encoding the global regulator H-NS. Beyond the dramatic changes observed with respect to motility, the mutant strain also displayed altered adherence phenotypes for biotic surfaces, as well as an increase in virulence using a Caenorhabditis elegans model system. In summary, this study describes the importance of H-NS in expression of A. baumannii persistence and virulence genes.
MATERIALS AND METHODS
Bacterial strains. Acinetobacter strain ATCC 17978 (CP000521) was obtained from the American Type Culture Collection (ATCC), and Escherichia coli OP50 was kindly provided by Hannah Nicholas (The University of Sydney). Freeze-dried Acinetobacter cells were revived as recommended by the ATCC, and colony material from the overnight cultures grown on Luria-Bertani (LB) medium were transferred to a cryopreservation tube containing 20% glycerol in LB broth and placed at Ϫ80°C for long-term storage. The isolated variants, i.e., 17978hm and HNSmut88, were similarly stored. For subsequent culturing purposes, material was scraped from the top of the frozen stocks and streaked onto LB medium.
Biofilm assays. The static biofilm formation assay was performed as described previously (3) . In brief, overnight cultures were diluted 1:100 in fresh Mueller-Hinton (MH) broth in polystyrene microtiter trays and incubated overnight at 37°C. Adherent cells were washed once with phosphate-buffered saline (PBS), stained by incubation with 0.1% crystal violet for 30 min at 4°C, and washed three times with PBS. Dye was released from the cells using ethanol-acetone (4:1) and shaking at 200 rpm for 30 min at room temperature. Absorbance was measured at 595 nm by using a Fluostar Omega spectrometer (BMG Labtech, Offenburg, Germany).
Pellicle formation assays. Pellicle formation assays were based on a method used previously (6) . Overnight bacterial cultures in LB broth were diluted in fresh LB broth containing 100 mM NaCl. Pellicle formation assays were performed in polypropylene tubes with incubation at room temperature without shaking for 72 h. The pellicle film was separated from the tube by the addition of methanol. The pellicle biomass was measured (optical density at 600 nm [OD 600 ]) after resuspending pelleted cells in 1 ml PBS. The experiments were performed at least three times.
Eukaryotic cell adherence assays. The adherence of A. baumannii cells to A549 human pneumocytes was investigated as described previously (3). Cell lines were grown in Dulbecco's modified Eagle medium (Invitrogen, Australia) supplemented with 10% fetal bovine serum (Bovogen, Australia). Prior to use, the cell monolayer was examined microscopically to ensure Ͼ95% coverage. Washed A549 monolayers in 24-well tissue culture plates were subsequently infected with a bacterial inoculum containing ϳ1 ϫ 10 7 CFU. After incubation at 37°C for 4 h, culture medium was removed, and the monolayers were washed three times with 1 ml of PBS. Cell monolayers were detached from the plate by treatment with 100 l of 0.25% trypsin and 0.02% EDTA in PBS. Eukaryotic cells were subsequently lysed by the addition of 400 l 0.025% Triton X-100, and serial 10-fold dilutions thereof were plated on LB agar to determine the number of CFU of adherent bacteria per well. Collated data for adherence assays were obtained from at least three independent experiments and represent the data points for each experiment for quadruplicate wells. The CFU of the cell culture medium after 4 h of incubation was determined to ensure that strains did not display differences in their respective growth rates during the adherence assay.
Caenorhabditis elegans killing assays. C. elegans N2 nematodes were synchronized in their development by initially placing nematode eggs on E. coli OP50 seeded nematode growth medium (NGM) (38) . The larval L3/L4-stage nematodes were harvested and placed on NGM agar plates seeded with A. baumannii strains. Viability of at least 200 individual nematodes found in random fields of view was determined by microscopic examination. The viability was determined at 24-h intervals for up to 144 h and expressed as a percentage of live nematodes. The results (n ϭ 4) represent duplicate experiments performed on two different days. Two independent researchers determined the viability of the nematodes in a "blind" experiment.
Cell surface hydrophobicity tests. Cell surface hydrophobicity was examined as described previously (39 Fatty acid analyses. The strains for fatty acid analysis were grown for 8 h on MH plates containing 0.25% agar. Cells were collected and washed with prechilled PBS. Total cellular lipids were extracted using chloroformisopropanol and were subsequently methylated using a 1% sulfuric acid solution in methanol, as described previously (40) . The fatty acid methyl esters were separated by gas chromatography at the School of Agriculture, Food and Wine, University of Adelaide. The abundance of each fatty acid was expressed as the percentage of the total of all fatty acids. All analyzed bacterial strains were prepared on two separate occasions, and the data represent the averages over those two experiments.
RNA isolation. Cells used for measurement of transcription levels were harvested from semisolid MH medium (0.25% agar) using prechilled PBS. The cells were subsequently pelleted by centrifugation and lysed in TRIzol reagent (Invitrogen, Australia) and chloroform. Following phase separation by centrifugation, RNA was extracted from the aqueous phase using a RNA isolation kit (Bioline). DNase I (Promega) treatment was performed as per the manufacturer's recommendations.
Transcriptome analysis. We used a custom genomic microarray for A. baumannii ATCC 17978, as previously described (10) . The results represent data obtained from three biological replicates and a dye swap experiment. The array was designed to harbor at least four probes per gene.
qRT-PCR. cDNA was synthesized using random hexamers (GeneWorks, Australia) and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega) as per the manufacturer's recommendations. Oligonucleotides used in this study were designed using the software program Primer3 (41) as an integral part of UGENE v1.6.1 (Unipro) and are listed in Table S1 in the supplemental material. Quantitative reverse transcription-PCR (qPCR) was performed on a Rotor-Gene RG-3000 instrument (Corbett Life Science, Australia) using DyNAmo SYBR green qPCR kits (Finnzymes, Australia). Internal qPCR controls used primers designed to 16S rRNA (A1S_r01) to ensure that differences seen are due solely to alterations in the target gene expression and not to mRNA quality or quantity. Transcriptional differences were calculated using the ⌬⌬C T method (42) , and the data represent experiments performed as biological triplicates.
Genome sequence analysis. A. baumannii ATCC 17978 and 17978hm were sequenced using Illumina BeadArray technology, performed by the Ramaciotti Centre for Gene Function Analysis, University of New South Wales, Sydney, Australia. The whole-genome shotgun sequence reads were assembled using the software program Velvet 1.1 (43) .
Genetic complementation of the hypermotile A. baumannii mutant strains. The hns PCR product was cloned into BamHI-digested pWH1266 (44) . Electro-competent A. baumannii cells freshly prepared on the day of use were incubated on ice with plasmid DNA for 5 min followed by electroporation using a MicroPulser instrument (Bio-Rad) at 2.5 kV, 200 ⍀, 25 F. After recovery in 1 ml of LB medium for at least 1 h at 37°C, cells were cultured overnight at 37°C on LB medium containing 200 g/ml ampicillin.
Microarray data accession number. The transcriptomic data have been deposited in the gene expression omnibus database (http://www .ncbi.nlm.nih.gov/geo/) and can be accessed using the accession number GSE40681.
RESULTS AND DISCUSSION
Isolation of hypermotile variant strains. Contrary to their original designation as nonmotile, a number of A. baumannii strains have been shown to participate in various forms of motility when grown under appropriate conditions (3). Motility of strain A. baumannii ATCC 17978 is evident on semisolid Luria-Bertani (LB) medium containing Ͻ0.5% agar (3, 10, 12) , with concentrations of agar above this level inhibiting the phenotype. However, we observed two distinct morphologies in a cryopreserved ATCC 17978 stock cultured on LB medium containing 1% agar. The colony morphology of one variant appeared nonmotile as per wild-type (WT) ATCC 17978, whereas the other displayed a motile appearance, which was designated a hypermotile phenotype. To examine the motility of these variants, five individual hypermotile colonies were inoculated into the center of both LB and Mueller-Hinton (MH) media containing different concentrations of agar. The phenotype was most distinct using MH medium containing 0.25% agar, conditions nonpermissive for motility of WT cells. Whereas four out of five hypermotile variants were equally motile and covered the entire surface of the plate within 8 h (migration, ϳ45 mm), one hypermotile variant was found to be delayed by approximately 2 h compared to the other hypermotile variants. This indicated that at least two distinct variants of the parental strain were isolated. To examine potential genotypic differences that may explain the altered phenotypic characteristics, one of the hypermotile strains displaying motility on semisolid MH medium, designated 17978hm, and the parent WT ATCC 17978 strain were selected for further analyses.
Sequence analysis of the hypermotile A. baumannii ATCC 17978 derivatives. The genetic differences between the A. baumannii strains 17978hm and ATCC 17978 were assessed by sequencing both their genomes using Illumina BeadArray technology. Sequence reads were assembled using the software program Velvet 1.1 (43) , generating 245 contigs for strain 17978hm and 292 contigs for strain ATCC 17978. Whole-genome alignments were generated using the program Mauve, and the ATCC 17978 genome sequence reported by Smith et al. (CP000521) (30) was included for comparative purposes.
The most striking finding from comparative analyses of the parental and 17978hm genome sequences was an insertion sequence (IS) element found in the hns (A1S_0268) locus of strain 17978hm (Fig. 1A) . In other bacteria, H-NS has been shown to act as a global repressor that preferentially binds AT-rich DNA sequences (36, 37) . Spontaneous insertional inactivation of hns, as observed in strain 17978hm, has also been found in Mycobacterium smegmatis (45) . Interestingly, the M. smegmatis H-NS mutant strain was also found to display a hypermotile phenotype (39) . The H-NS protein is well conserved between Acinetobacter strains; the ATCC 17978 H-NS protein sequence is 100% identical to that from strains AYE and SDF and 92% identical to H-NS from Acinetobacter baylyi ADP1. The ATCC 17978 genome encodes only a single copy of hns, and to date, strain AB058 is the only A. baumannii strain found to harbor two hns-like genes (data not shown).
Analysis of the DNA sequence revealed that transposition of an IS element into hns in strain 17978hm had occurred with nine nucleotides of the hns target sequence being duplicated and now flanking the termini of the IS element (Fig. 1A) . The sequence of this IS element exhibited Ͼ99% identity to an IS element harboring A1S_0628, which encodes a putative transposase in strain ATCC 17978, raising the possibility that the IS element identified within the hns locus of strain 17978hm was generated by a trans- position event. Two similar transposases found in strain 17978hm and ATCC 17978, designated A1S_2554 and A1S_1172, showed 97% and 84% sequence identity to A1S_0628, respectively, and as such are unlikely to be the originator of the insertion.
As mentioned above, a total of five hypermotile variants were isolated in this study. The hns gene of the four other hypermotile strains was PCR amplified and sequenced. Three of these were found to possess an insertion disruption identical to that seen in strain 17978hm and also displayed a hypermotile phenotype similar to that of 17978hm (data not shown). The hns gene of the variant displaying a less-pronounced level of hypermotility (motility delayed by 2 h on semisolid MH medium compared to that of strain 17978hm) contained a single nucleotide polymorphism, resulting in a lysine-to-isoleucine substitution at position 88 of the H-NS protein (H-NS K88I ). Interestingly, lysine 88 is part of the DNA-binding domain of H-NS-like proteins (46) (Fig. 1B) . Lacking this positively charged residue may have resulted in an altered affinity for regulatory binding sites and consequently reduced repression of the genes located downstream. As mentioned, the A. baumannii strain expressing the H-NS K88I protein, designated HNSmut88, displayed an intermediate hypermotile phenotype compared to that of strain 17978hm, which was investigated by comparing the positively charged residues in the DNA binding domain to those in other H-NS-like proteins, such as Lsr2 from Mycobacterium tuberculosis, H-NS from Salmonella, and Ler from Escherichia coli (46, 47) . Whereas the Salmonella H-NS and E. coli Ler proteins contain a single positively charged residue in the DNA binding domain, M. tuberculosis Lsr2 and A. baumannii H-NS contain two; in A. baumannii H-NS, these are lysine and arginine at positions 88 and 86, respectively (Fig. 1B) . Previous mutagenesis studies in M. tuberculosis have shown a significant level of Lsr2 DNA binding in mutants where only a single positively charged residue in the DNA binding domain was removed (47) . However, double Lsr2 mutations or mutation of the single charged residue present in the DNA binding domain of Salmonella H-NS resulted in a complete lack of binding (47) . Therefore, arginine 86 may be sufficient to maintain significant binding affinity of H-NS K88I to certain regulatory targets, explaining the intermediate motility phenotype observed in this strain. Although the A. baumannii H-NS and E. coli Ler proteins possess an arginine adjacent to the DNA-binding domain (Fig. 1B) , when it is present as the sole positively charged residue in this region of the protein, it does appear to be insufficient for maintaining the ability to bind its targets (46) .
To confirm that the altered phenotypes observed in the hypermotile A. baumannii variants were a result of mutations in hns, the WT hns gene was cloned into the E. coli-Acinetobacter shuttle vector pWH1266, producing pWH0268, and used for complementation in the mutant strains. Motility assays revealed that introduction of pWH0268 into A. baumannii strains 17978hm and HNSmut88 resulted in loss of the hypermotile phenotype on solid LB medium and semisolid MH medium, returning the phenotype to that observed for WT cells (data not shown). Due to the reduced severity of phenotypic changes observed in HNSmut88 compared to those in 17978hm, only the ATCC 17978 and 17978hm strains were assessed in subsequent phenotypic and transcriptional analyses.
Adherence characteristics. Biofilm formation is a complex process initiated by attachment to a surface, followed by the formation of a multilayered biomass containing secondary structures. It was hypothesized that the adherence characteristics of strain 17978hm may differ from that of WT cells since changes in motility could affect biofilm formation, as previously reported for P. aeruginosa (18) . However, adherence to the surface of a polystyrene microtiter tray showed no major differences between the WT and hypermotile strains (data not shown). In contrast, pellicle formation, i.e., the biofilm at the air-liquid interface, appeared significantly higher for 17978hm than for the WT strain or its complemented derivative 17978hm (pWH0268) (Fig. 2A) . The level of pellicle biomass in strain 17978hm (pWH0268) was higher than that observed for the WT strain, which could be a result of loss of the complementation plasmid over the 72-h incubation period. Pellicle formation was observed in LB medium only at 25°C and not at 37°C (data not shown), which corroborates data from similar studies of Acinetobacter spp. (6) . Attempts to demonstrate pellicle formation by strains grown in MH medium were unsuccessful. During static culturing for pellicle formation, it was apparent that the planktonic growth of the pellicle forming 17978hm cells was lower than that of the non-pellicle-forming WT cells (OD 600 ϭ ϳ0.15 and ϳ0.50, respectively). The differences in planktonic growth may be due to a reduction of oxygen levels in the growth medium of strain 17978hm as a result of the Pellicles of A. baumannii strains ATCC 17978 and 17978hm were examined after incubation for 72 h at 25°C, and statistically significant (P Ͻ 0.001; two-tailed Student's t test) differences are indicated by asterisks (**, P Ͻ 0.05; ***, P Ͻ 0.001). Experiments were performed at least three times, and error bars represent the standard deviations. (B) The CFU in log 10 values of A. baumannii ATCC 17978, 17978hm, 17978hm (pWH1266), and 17978hm (pWH0268), recovered from a washed A549 cell culture after incubation for 4 h, were enumerated. Significant differences between ATCC 17978 and 17978hm (P Ͻ 0.05), and 17978hm(pWH1266) and 17978hm(pWH0268) (P Ͻ 0.005) were observed using a two-tailed Student t test and are indicated by asterisks (*, P Ͻ 0.005; **, P Ͻ 0.05). Error bars show the standard errors of the means.
high oxygen dependency of the pellicle, a phenomenon described previously (48) .
Adherence to abiotic and biotic surfaces appears to be mediated by different molecular mechanisms in most A. baumannii strains and as such does not always correlate (3, 5, 49) . Therefore, despite similar abiotic adherence levels observed in microtiter trays, adherence to biotic surfaces by strains ATCC 17978, 17978hm, 17978hm (pWH1266), and 17978hm (pWH0268) was investigated. A549 pneumocytes were selected for these experiments to mimic adherence to the epithelial layer of the human lung (50) . After the bacteria were incubated in conjunction with pneumocytes for 4 h, the 17978hm cells adhered to and potentially intracellularly located in the washed A549 eukaryotic cells were enumerated, and the number was found to be significantly higher than the number of ATCC 17978 cells (ϳ1.6-fold; P Ͻ 0.05) (Fig.  2B) . Interestingly, adherence levels of 17978hm (pWH0268) cells were lower than those for WT cells, indicating a possible dosedependent effect due to a difference in the plasmid copy number (35) , where H-NS may be more abundant in the complemented cells. The increased adherence potential of strain 17978hm to human pneumocytes may indicate that 17978hm cells have higher persistence levels during infection and more specifically pneumonia. Further work using a mouse pneumonia model may reveal whether the differences seen in adherence to pneumocytes play a biological significant role in the disease process.
The hypermotile variant possesses an increased virulence potential. Since 17978hm showed a significantly increased ability to adhere to eukaryotic cells, its disease potential was investigated further by examining strains ATCC 17978 and 17978hm for their ability to kill C. elegans nematodes. Measurable death of the C. elegans nematodes was observed between 72 and 144 h of incubation on either WT or 17978hm cells (Fig. 3) . A significant difference between the percentage of live nematodes incubated with either WT or 17978hm cells was observed at 120 h and 144 h (Fig.  3) . At both time points, death rates for nematodes incubated with 17978hm cells that were approximately 20% higher than rates for those incubated with WT cells were observed (Fig. 3) . The experiment was terminated after 144 h, since the remaining live nematodes were consuming the disintegrated dead nematodes at time points beyond 144 h, making it difficult to accurately determine the percentage of live versus dead nematodes during the latter part of the experiment (data not shown).
Cell surface hydrophobicity and fatty acid composition. The differences between the phenotypes of the WT and hypermotile A. baumannii cells described above may be related to changes at the cell surface. Therefore, the hydrophobicity of WT and 17978hm cells was investigated using the microbial adhesion to hydrocarbons (MATH) test (39) ; an increase in the hydrophobicity index (HI) of 17978hm cells (HI ϭ 65%) compared to that for WT cells (HI ϭ 44%) was observed (Table 1) . When a WT copy of hns (carried on pWH0268) was introduced into 17978hm cells, the hydrophobicity decreased significantly, returning to levels lower than those observed for ATCC 17978 cells.
To investigate a potential cause for the change in cell surface hydrophobicity, the total fatty acid compositions of WT and 17978hm cells and 17978hm(pWH1266) and 17978hm(pWH0268) cells were determined. In a study of Listeria innocua, decreases in the ratio between C 15 and C 17 saturated fatty acids were linked to increases in cell surface hydrophobicity (51) . Similarly, in this study, the percentage of C 17 fatty acid was significantly higher in the hypermotile strains, which may explain the differences observed in cell surface hydrophobicity (Table 1) . Major changes in the concentrations of other fatty acids were not observed.
Transcriptomic analysis of the motile versus nonmotile populations. Comparative analysis of the transcriptomes of cells in distinct lifestyles may provide information about the molecular mechanisms and regulatory pathways responsible for driving a population into a certain mode of living. Therefore, we employed a whole-genome microarray to examine the effect of the hns inactivation on the transcriptome of A. baumannii. Major differences between the transcriptomes of the hypermotile 17978hm and nonmotile WT cells were observed (Fig. 4) . More than 4-folddifferential expression was seen for 152 genes, of which 91 were down-and 61 upregulated (see Table S2 in the supplemental material) (GEO:GSE40681). The most striking differences were observed in the quorum-sensing-regulated genes encoding homoserine lactone synthase (A1S_0109) and the homoserine lactone responsive regulator (A1S_0111), which were both heavily upregulated. Furthermore, an adjacent cluster involved in the production of secondary metabolites, putatively lipopeptides or polyketides, was upregulated by more than 100-fold. Both quorum sensing and the adjacent cluster have been shown to play an important role in motility of A. baumannii (12) .
Various genes encoding surface-presented structures were also heavily upregulated in A. baumannii strain 17978hm. The autotransporter Ata (A1S_1032) was overexpressed by approximately 10-fold. In a recent report, Ata was found to play a major role in adherence and virulence of A. baumannii strain ATCC 17978 (52), potentially explaining the increased virulence levels of strain 17978hm observed in the C. elegans killing assays described above. This gene appears to be transcriptionally linked to A1S_1033 (8-fold upregulation), the product of which shares homology with putative OmpA-like proteins (20) (21) (22) (23) (24) . Even though there is no evidence of a role for type I pili in promotion of surface translocation in A. baumannii, four genes encoding a novel type I pilus cluster (A1S_1507-A1S_1510) were upregulated by more than 10-fold. Other phenotypes, such as increased adherence to human epithelial cells or increased pellicle formation, may be associated with overexpression of type I pili in the hypermotile strain. A gene cluster predicted to encode a type VI secretion system (A1S_1292-1311) was found to be upregulated in the motile population. Type VI secretion systems can contribute to bacterial pathogenicity, as observed for P. aeruginosa (53) ; however, the role of these systems in A. baumannii is yet to be elucidated (54) . It would appear not to be essential for full virulence in a number of isolates, since comparative genomic analyses revealed that four open reading frames encoding proteins of unknown function have replaced the type VI secretion system gene cluster in A. baumannii strain D1279779 (accession no. AERZ00000000). The type VI secretion system may also be nonfunctional in strain 1656-2 (CP001921) (55), since it contains an insertion element in the gene homologous to A1S_1302. Furthermore, the gene cluster coding for the type VI secretion system can also be found in the nonpathogenic A. baumannii strain SDF (CU468230). Therefore, the function of the type VI secretion system in A. baumannii requires further investigation. Interestingly, genes functioning in fatty acid biosynthesis, including fabG (A1S_0524) and fabF (A1S_0525), were found to be overexpressed by more than 2-fold in strain 17978hm. FabF is responsible for fatty acid elongation, which occurs in steps of two carbon additions, i.e., C 13 to C 15 to C 17 (56) . Thus, these increases in transcription levels may be related to the increase of C 17 observed in 17978hm cells compared to findings for WT cells (Table 1) . Numerous genes functioning in metabolism, such as those encoding members of the phenylacetic acid degradation pathway, were found to be downregulated in the motile population (Fig. 4) . Downregulation of metabolic pathways was also observed in a transcriptional investigation of swarming P. aeruginosa cells (57) . A Phenotype MicroArray (Biolog, Inc.) analysis using MicroPlates PM01 and PM02A was performed to obtain a comprehensive depiction of carbon source utilization by the Acinetobacter strains 17978hm and ATCC 17978. The most pronounced dissimilarities between these strains were observed in the presence of L-threonine or D-malic acid, in which WT ATCC 17978 cells showed more active respiration than 17978hm cells (see Table S3 in the supplemental material). The upregulation of a putative threonine efflux transporter (A1S_3397) in 17978hm may be associated with a reduction in available threonine and consequently lower respiratory levels seen in this strain. Changes in transcription levels of genes encoding proteins involved in D-malic acid metabolism were not observed (data not shown).
Identification of potential H-NS targets in the ATCC 17978 genome. Although not previously examined for A. baumannii, H-NS is a well-studied protein for many bacterial genera (58, 59) . Sequence homology between H-NS proteins from different bacteria is often low (Ͻ30%); however, the targets appear to be similar. Horizontally acquired genetic material is often AT rich and is therefore a likely target for H-NS proteins (59) . Hence, the H-NS proteins are also known as xenogeneic silencers. A common example of a horizontally acquired genomic region targeted by H-NS encodes the type VI secretion system (60). Indeed, this cluster (A1S_1292-A1S_1312) was found to be heavily upregulated in strain 17978hm (Fig. 4) . Based on the potential for H-NS to act as a xenogeneic silencer, other potential regulatory targets were identified encoded within novel genomic regions. Transcriptomic data were overlaid with the results of BLASTP comparisons of CP000521 (ATCC 17978) with six other Acinetobacter genomes, those of A. baumannii AB0057, ACICU, AYE, AB307-0294, and SDF and A. baylyi ADP1, on a circular representation of the ATCC 17978 genome (Fig. 5) . A correlation was seen between upregulation and lack of conservation of the respective genes/gene clusters. These nonconserved upregulated loci were subsequently analyzed using a whole-genome alignment generated in MAUVE (61) containing the genomes described above. Thirteen potential horizontally acquired H-NS targets (Fig. 5 ), which included a surface protein (A1S_0745) and the autotransporter adhesin (A1S_1032) described above, were identified. Interestingly, in E. coli, transcription of a gene encoding the autotransporter protein UpaC was recently found to be repressed by H-NS (62), consistent with our findings. These surface-presented proteins, potentially regulated by H-NS, may play a role in the phenotypic alterations of strain 17978hm. The S-adenosyl-L-methionine-dependent methyltransferase (A1S_2744), also potentially regulated by H-NS, is involved in methylation of proteins, lipids, DNA, and RNA and therefore in controlling a wide range of cellular processes (63) . The putative threonine efflux transporter protein described above (A1S_3397), also appeared to be under regulatory control of H-NS (Fig. 5) . Overall, these analyses suggested that various horizontally acquired genome regions are targets for transcriptional repression by H-NS in A. baumannii and that inactivation of H-NS results in upregulation of the genes within these regions. Although H-NS is known to bind high-AT-percentage regions, the global GC-skew analysis shown in the circular genome figure did not reveal such an association with transcriptional upregula- baumannii ATCC 17978 (CP000521) using the software program CGview. Upregulated genes are represented in green and downregulated genes in red; half-sized bars equal 2-to 4-fold differential expression, and full-sized bars indicate expression of Ͼ4-fold. To identify potentially horizontally acquired genomic regions, comparative BLASTP analyses between CP000521 (outer ring) and A. baumannii AB0057 (brown), ACICU (blue), AYE (purple), AB307-0294 (orange), SDF (turquoise), and A. baylyi ADP1 (gray) are included. Various upregulated genes or gene clusters not fully conserved between CP000521 and other genomes were identified; these were subsequently examined using Mauve. Based on CGview and Mauve analyses, the following 13 upregulated genes or gene clusters were found to be horizontally acquired and therefore putative H-NS target sites: 1, A1S_0519-A1S_0525, fatty acid biosynthesis; 2, A1S_0745, bacterial surface protein; 3, A1S_1032-A1S_1033, Ata and a putative antigen; 4, A1S_1078-A1S_1079, hypothetical protein and dichlorophenol hydroxylase; 5, A1S_1357, alanine racemase; 6, A1S_2271, RNA splicing ligase; 7, A1S_2396, transcriptional regulator; 8, A1S_2509, putative chaperone; 9, A1S_2648-A1S_2649, putative regulatory proteins; 10, A1S_2744, S-adenosyl-L-methionine-dependent methyltransferase; 11, A1S_2789, metallopeptidase; 12, A1S_3273, putative secreted protein; 13, A1S_3397, lysine (LysE) or the homoserine/threonine resistance (RhtB) protein.
tion (Fig. 5 ). This may be due to the generally low GC percentage of the A. baumannii ATCC 17978 genome (ϳ39%). However, when examining the upstream regions of heavily overexpressed genes, a correlation between high AT content and transcriptional upregulation in strain 17978hm was observed. The GC percentages of various potential H-NS targets were as low as 20% (Fig. 6) , which is significantly lower than the average GC percentage of the ATCC 17978 genome-wide intergenic regions (ϳ35%).
The genomic region harboring the gene encoding homoserine lactone synthase (A1S_0109) and the cluster involved in biosynthesis of polyketides/lipopeptides (A1S_0112-A1S_0119) possessed two regulatory sites with a low GC percentage (Fig. 6 ). In particular, the upstream region of the biosynthesis cluster (GC content of 20%) may be targeted by H-NS. Previously, Clemmer et al. showed that the A1S_0112-A1S_0119 cluster is under the control of quorum-sensing signals in the form of acyl-homoserine lactones via AbaR (12) .
Other overexpressed genes with a putative H-NS binding region upstream included the above-described autotransporter Ata and putative ompA-like gene (A1S_1032-A1S_1033), the type VI secretion system (A1S_1292-A1S_1312), a novel type I pilus cluster (A1S_1510-A1S_1507), a cluster involved in lipoate synthesis and acetoin metabolism (A1S_1698-A1S_1704), and a small putatively secreted protein (A1S_3273) (Fig. 6) .
Alanine racemases are ubiquitous in prokaryotes and are responsible for racemization of L-and D-alanine. Like most other prokaryotes, A. baumannii strains possess two alanine racemases, DadX (A1S_0096), mediating conversion of D-to L-alanine, and Alr (A1S_2176), which facilitates L-to D-alanine racemization. However, A. baumannii ATCC 17978 also contains a second Alrlike alanine racemase encoded by A1S_1357. This heavily upregulated gene in strain 17978hm (Ͼ70-fold) appeared to have been horizontally acquired and also possessed an AT-rich upstream region, making it a likely target for transcriptional repression by H-NS (Fig. 5 and 6 ).
Transcriptional analysis of putative H-NS-regulated genes. We investigated the transcription levels of nine differentially expressed genes in the complemented strain pair, 17978hm (pWH1266) and 17978hm (pWH0268). These genes are potential targets of H-NS based on previously described findings or the bioinformatic analysis performed in this study. Seven of these genes, A1S_0111, A1S_0112, A1S_1032, A1S_1292, A1S_1510, A1S_1699, and A1S_3273, were highly upregulated (Ͼ4-fold), and two, A1S_0095 and A1S_1336, were highly downregulated (Ͼ4-fold), as determined by our microarray data. Comparative qRT-PCR analysis examining the control 17978hm (pWH1266) and complemented 17978hm (pWH0268) strains, using the oligonucleotides listed in Table S1 in the supplemental material, showed significant up-or downregulation of the respective genes that were found to be significantly differentially expressed in strain 17978hm compared to expression in the WT strain by microarray analysis (Table 2 ). It is noteworthy that three of the investigated genes are known to be coregulated by other proteins, A1S_0111 and A1S_0112 by AbaR and A1S_0095 by Lrp, and therefore it is difficult to assess the magnitude of the effect that H-NS exerts on these genes. Nevertheless, successful complementation of the hypermotile variants at phenotypic and transcriptional levels was shown, confirming that inactivation of H-NS resulted in various alterations, including an increased virulence potential and transcriptional changes observed in the hypermotile mutants.
Summary. This article describes for the first time the role of H-NS in A. baumannii. We employed a broad range of phenotypic and genotypic characterization methods to gain insight into A. baumannii virulence mechanisms and the role that H-NS plays in their regulation. Phenotypic characterization showed that hydrophobicity, adherence, and motility are likely to be coregulated in strain ATCC 17978. Furthermore, these features may be associated with virulence based on data from a nematode killing assay and increased binding capacity for the A549 eukaryotic lung cell line. Our analyses also provided evidence that the cellular fatty acid composition is linked to changes in cell surface hydrophobicity, which subsequently may alter the adherence, motility, and virulence characteristics. Although these phenotypes appear to be coregulated in strain ATCC 17978, it is known that A. baumannii strains show major variation in their motility and adherence phenotypes (3, 7) . Therefore, the role of H-NS is likely to be distinct in other A. baumannii strains, which correlates with the function of H-NS as a regulator of nonconserved genomic regions. a Expression levels were determined using qRT-PCR, and differential expression was measured using the ⌬⌬C T method (62) . b Expression levels were determined using microarray analysis (see Table S2 in the supplemental material). shown above schematic representations of genes differentially expressed in the hns mutant strain, 17978hm, with their respective locus tag number displayed underneath. The average GC-percentage has been calculated over the regions located upstream of these highly upregulated genes and is highlighted in blue. The GC-content plots were derived from the A. baumannii ATCC 17978 (CP000521) genome displayed in UGENE v1.10.1 (UniPro). These regions have a GC percentage significantly lower than the average genome-wide intergenic regions (ϳ35%) and may form suitable H-NS binding sites.
Transcriptomic analysis of 17978hm and its parent strain on semisolid media identified molecular mechanisms that may be responsible for the phenotypic changes described above. The autotransporter encoded by ata, which has been proven to play a role in adherence and virulence (52) , was heavily upregulated. Furthermore, the type VI secretion system and a type I pilus were found to be upregulated, and these surface-presented protein structures are known to affect adherence and virulence in other Gram-negative pathogens, such as P. aeruginosa and E. coli. Significantly, upregulation of genes encoding the fatty acid biosynthetic proteins FabG and FabF may explain the increase of C 17 fatty acids in the hypermotile mutant compared to findings for the WT strain. Although FabG has previously been defined as a nucleoid-associated protein for other bacterial genera (64), the regulatory control of fabG and fabF in the H-NS-deficient strain requires further examination.
Bioinformatic analyses using a number of fully sequenced A. baumannii genomes assisted in identification of putative H-NS targets. Various genomic regions that were characterized as horizontally acquired were transcriptionally repressed by H-NS in the WT strain. Furthermore, examination of the upstream regions of highly expressed genes showed that H-NS is likely to bind AT-rich DNA regions, as observed for H-NS in other bacterial genera. The bioinformatics approach applied here could also be of use when examining the role of H-NS in A. baumannii strains other than ATCC 17978.
In summary, the phenotypic, genomic, and transcriptomic analyses carried out using strain ATCC 17978 and its hypermotile derivatives 17978hm and HNSmut88 revealed a significant role for H-NS in the regulation of A. baumannii persistence-and virulence-associated genes.
